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Cell-type patterning in the Arabidopsis root epidermis is achieved by a network of transcription factors and influenced by a position-dependent
mechanism. The SCRAMBLED receptor-like kinase is required for the normal pattern to arise, but its precise role is not understood. Here we
describe genetic and molecular studies to define the spatial and temporal role of SCM in epidermal patterning and its relationship to the
transcriptional network. Our results suggest that SCM helps unspecified epidermal cells interpret their position in relation to the underlying
cortical cells and establish distinct cell identities. Furthermore, SCM loss-of-function and overexpression analyses suggest that SCM influences
cell fate through its negative transcriptional regulation of the WEREWOLF MYB gene in epidermal cells at the H position. We also find that SCM
function is specifically required for patterning the post-embryonic root epidermis and not for the analogous epidermal cell-type patterning during
embryogenesis or hypocotyl development. In addition, we show that two closely related SCM-like genes in Arabidopsis (SRF1 and SRF3) are not
required alone or together with SCM for proper epidermal patterning. These findings help define the developmental and mechanistic role of SCM
and suggest a new model for its action in root epidermal cell patterning.
© 2006 Elsevier Inc. All rights reserved.Keywords: Pattern formation; Cell fate; Root hairs; Transcriptional regulation; Signaling; Cell communication; Plant developmentIntroduction
The appropriate specification and patterning of distinct cell
types are fundamental features of development in multicellular
organisms. The formation of root hair cells and non-hair cells in
the epidermis of plant roots provides a simple model to study
cell-type patterning because root epidermal cells are accessible,
their developmental history can be accurately analyzed, and
they differentiate in a predictable gradient along the root axis
(Esau, 1965). Furthermore, in Arabidopsis and other members
of the family Brassicaceae, the pattern of root epidermal cell
types is determined by a position-dependent mechanism
(Bunning, 1951; Cormack, 1935; Dolan et al., 1994; Galway
et al., 1994). Developing epidermal cells located in the space
between two underlying cortical cells (designated the “H” cell
position) preferentially differentiate as root hair cells, whereas
cells lying outside a single cortical cell (designated the “N”⁎ Correspondence author. Fax: +1 734 647 0884.
E-mail address: schiefel@umich.edu (J. Schiefelbein).
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doi:10.1016/j.ydbio.2006.09.009position) normally adopt the non-hair cell fate. The correlation
between cell position and cell-type differentiation implies that a
positional signaling mechanism guides the fate of developing
epidermal cells.
Molecular genetic experiments have defined a gene regula-
tory network involving intracellular and intercellular transcrip-
tional feedback loops required for generating the two distinct cell
types in the Arabidopsis root epidermis (Larkin et al., 2003; Lee
and Schiefelbein, 2002; Schiefelbein, 2003; Ueda et al., 2005).
Five genes, TRANSPARENT TESTA GLABRA (TTG), WERE-
WOLF (WER), GLABRA3 (GL3), ENHANCER OF GLABRA3
(EGL3), and GLABRA2 (GL2), are required to specify the non-
hair fate because mutations in these (alone or in combination)
lead to excessive root hair cell production (Bernhardt et al.,
2003; Galway et al., 1994; Lee and Schiefelbein, 1999; Masucci
et al., 1996). Three genes, CAPRICE (CPC), TRIPTYCHON
(TRY), and ENHANCER OF TRYAND CPC (ETC), help specify
the hair cell fate, and mutations in them (alone or in
combination) cause an increase in the frequency of non-hair
cells (Kirik et al., 2004; Schellmann et al., 2002; Wada et al.,
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(Walker et al., 1999)), GL3 and EGL3 (related bHLH
transcription factors (Bernhardt et al., 2003)), and WER (an
MYB-type transcription factor (Lee and Schiefelbein, 1999)) act
in a central transcriptional complex in the N cells to promote the
non-hair cell fate. One of the likely targets of this complex is
GL2, which encodes a homeodomain transcription factor protein
(Rerie et al., 1994) required for non-hair cell differentiation
through its effects on downstream gene transcription (Di Cristina
et al., 1996; Masucci et al., 1996; Ohashi et al., 2003). The TTG/
GL3/EGL3/WER proteins also appear to positively regulate the
CPC, TRY, and ETC genes, which encode related small MYB
proteins that lack transcriptional activation domains and appear
to mediate lateral inhibition by moving to the adjacent H cells
and inhibiting the action of the WER MYB (Kirik et al., 2004;
Ryu et al., 2005; Schellmann et al., 2002; Wada et al., 1997,
2002). Furthermore, the GL3/EGL3 genes themselves partici-
pate in another feedback loop because they are negatively
regulated by the TTG/GL3/EGL3/WER proteins, preferentially
transcribed in the H cells, and their protein products preferen-
tially accumulate in the N cell nuclei (Bernhardt et al., 2005).
This network provides a mechanism for generating two distinct
cell types, but it is not yet clear how the expression or activities
of the transcription factors in the network are controlled to
produce the position-dependent pattern of cell types.
Recently, a leucine-rich repeat receptor-like kinase (LRR-
RLK) of Arabidopsis, named SCRAMBLED (SCM), was
shown to be required for position-dependent epidermal cell
patterning in the root (Kwak et al., 2005) (a.k.a. STRUBBELIG
(Chevalier et al., 2005)). In scm mutants, the distribution of the
hair and non-hair cell types is not strictly correlated with their
position. This led to the suggestion that the SCM receptor may
mediate the action of positional cues and influence the
transcription factor network to determine the cell fates (Kwak
et al., 2005). Here we rigorously examine this hypothesis by
analyzing the cell-type pattern and the activity of the trans-
cription factor network in mutant and overexpression lines. In
addition, we define the role of SCM in epidermal patterning in
different developmental contexts. Furthermore, we analyze the
involvement of SCM-related genes in the positional patterning
of epidermal cells. Our results suggest that SCM mediates
positional signaling between the epidermis and underlying
tissues during a specific developmental period through its
negative effect on WER gene transcription and thereby helps
establish a position-dependent pattern of cell fates.Materials and methods
Arabidopsis strains and growth conditions
The surface sterilization of Arabidopsis seeds and the growth of seedlings in
vertically oriented agarose-solidified plates have been described (Schiefelbein
and Somerville, 1990). The scm-2 allele used here possesses an intragenic
insertion and lacks detectable gene expression, so it is likely to be a null allele
(Kwak et al., 2005). The CPC::CPC-GFP line was a kind gift from T. Wada and
K. Okada and described previously (Wada et al., 2002). Multiple mutant lines
were constructed by crossing single mutant plants and examining the F2
progeny for putative phenotypes. Plant lines homozygous for a combination oftwo or more mutations or transgenes were identified by a combination of
phenotypic analysis, reporter gene expression, herbicide resistance, and/or PCR
screening. The srf1-1 (SALK 087666) and srf3-1 (SALK 051048) mutant
alleles (Columbia ecotype) were generated by the SIGnAL center (Alonso et al.,
2003) and obtained from the Arabidopsis Biological Resource Center
(Columbus, OH). Primers used to detect the insertion alleles were determined
using the three-primer PCR method (including the T-DNA left-border specific
LBb1 primer, 5′-GCGTGGACCGCTTGCTGCAACT-3′) recommended by
SIGnAL (http://signal.salk.edu/tdnaprimers.html).
Microscopy and cell pattern analysis
The histochemical staining of plant material containing the GUS reporter
gene was performed essentially as described (Hung et al., 1998; Masucci et al.,
1996). Analysis of plants expressing the GFP or YFP reporters using laser
confocal microscopy, following propidium iodide staining, was performed as
described (Bernhardt et al., 2005; Lee and Schiefelbein, 1999, 2002). For
quantitative analysis of root cell-type pattern using reporter expressing cells, at
least 20 roots of 4- or 5-day-old seedlings were examined for each line (Lee and
Schiefelbein, 2002). To assess the expression of both GFP/YFP and GUS in the
same roots, 4- or 5-day-old seedlings were first analyzed by fluorescence
microscopy with a supporting cover slip and then subjected immediately to GUS
assay by infusing 5-bromo-4-chloro-3-indolyl-β-glucuronic acid solution under
the cover slip and incubation for 1–3 h under previously published conditions
(Masucci et al., 1996).
For the analysis of lateral cell pattern, 4-day-old scm-2 seedling roots
bearing the GL2::GUS transgene were stained for GUS activity. The nearest-
neighbor analysis was conducted by choosing 5 random epidermal cells from
each root (in the late elongation zone near the root midline) and determining the
cell types on either lateral side of the cell midpoint. The flanking cell analysis
utilized an independently chosen set of four epidermal cells and their lateral
neighbors from the mid–late elongation zone. The positions of the immediate
flanking cells and the central cells relative to the cortical cells were also
determined from this dataset.
The relative cell division rate in the H and N epidermal cell positions was
deduced by counting the number of cells within a defined longitudinal region in
the two files (Berger et al., 1998b). The distribution of hypocotyl epidermal cell
types from 7-day-old seedlings was analyzed as described (Hung et al., 1998).
Epidermal cell clones were identified in 4- or 5-day-old seedling roots stained
for GL2::GUS expression (Berger et al., 1998a), and only clones of sufficient
size (at least three cells in at least one of the files) and derived from a precursor
cell located in the H position were analyzed.
RT-PCR and real-time PCR
Total RNA was isolated from 4-day-old root tissues from plants grown on
sterile media as described (Weigel and Glazebrook, 2002). Quantitative real-time
PCR was performed using the IQ SYBR Green Supermix kit (BioRad) and
iCycler Multicolor Real-time PCR Detection System (BioRad). The first strand
cDNA was synthesized from 5 μg of total RNA using the first strand cDNA
synthesis kit (Amersham) and amplified by PCR reaction (50 cycles: 95°C for
15 s, 60°C for 30 s, 72°C for 30 s). The primers for real-time RT-PCR were
designed by Primer3 (http://frodo.wi.mit.edu). The relative SQ values were
analyzed by iCycler software (BioRad) and normalized with the level of theEF1α
gene mRNA (Czechowski et al., 2004). Primers used: SCM: 5′-TTT GCT CCT
TTT GCT CCA CT-3′ (forward), 5′-GTT CCA GGG ATC TCC TCC TC-3′
(reverse); WER: 5′-TGT CAA AGC TCATGG CAA AG-3′ (forward), 5′-ATC
CTC TTC TTG CTC GGT GA-3′ (reverse); EF1α: 5′-TGA GCA CGC TCT
TCTTGCTTTCA-3′ (forward), 5′-GGTGGTGGCATCCATCTTGTTACA-
3′ (reverse); SRF1: 5′-TCT TGGGGC TTT TTCATT TG-3′ (forward), 5′-AGG
TGCGGTTTGGATAGTTG-3′ (reverse); SRF3: 5′-TTCCACCTCCTCCAA
ATG AG-3′ (forward), 5′-CCA GCG AAT GCA ATA AGG AT-3′ (reverse).
DNA cloning, constructs, and plant transformation
Routine molecular biology methods were conducted as previously described
(Lee and Schiefelbein, 1999; Masucci et al., 1996; Wang et al., 1997). The
Table 1
Nearest-neighbor analysis of epidermal cell types in scm-2 mutant roots
Location of nearest GL2::GUS-non-expressing cells relative to a
given GL2::GUS-expressing cell in lateral dimension
Adjacent
(no intervening
GL2::GUS-expressing
cells)
Separated by one
GL2::GUS-expressing
cell
Separated by
two or more
GL2::GUS-
expressing cells
Observed a 86 34 22
Expected b 55.9 33.9 52.1
p value c <0.005
Location of nearest GL2::GUS-expressing cells relative to a given
GL2::GUS-non-expressing cell in lateral dimension
Adjacent
(no intervening
GL2::GUS-non-
expressing cells)
Separated by one
GL2::GUS–non-
expressing cell
Separated by
two or more
GL2::GUS-non-
expressing cells
Observeda 78 15 4
Expectedb 58.8 23.2 15.0
p valuec <0.005
a Thirty seedlings of the scm-2 GL2::GUS line were analyzed.
b Number expected if cell types are randomly distributed, based on 60.6%
GL2::GUS-expressing cells and 39.4% GL2::GUS-non-expressing cells in the
regions sampled.
c p value from χ2 test.
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fragment (using the following SCM primers: 5′-GGA TCC ATG AGC TTT
ACA AGA TGG GAA-3′ (forward), 5′-ACT AGT TTA GAT CAT ATG TTG
AAG ATC-3′ (reverse)) into the pCB302-3 binary vector (Xiang et al., 1999)
using BamHI and SpeI sites. TheWER::SCM construct was generated by fusing
a 4-kb 5′ genomic fragment from theWER gene promoter (Lee and Schiefelbein,
1999) to a 4.7 kb genomic SCM fragment (containing the coding region and 3′
sequences) in the pPZP222 binary vector using SacI, KpnI, and SalI sites and
the following primers: WER promoter: 5′-GAG CTC TCT GAT CTA AGC
ACG AAA-3′ (forward), 5′-GGT ACC TCT TTT TGT TTC TTT GAA TGA
TA-3′ (reverse); SCM coding: 5′-GGT ACC ATG AGC TTT ACA AGATGG
GAA-3′ (forward), 5′-ACT AGT GTC GAC ACC TCA TGG TAG CA-3′
(reverse). Plant transformation was achieved by introducing constructs into the
Agrobacterium strain GV3101 followed by introduction into Arabidopsis plants
(wild-type or harboring the GL2::GUS or WER::GFP transgene) using the
floral dip method (Clough and Bent, 1998). T1 seeds were tested on soil with
BASTA (300 μM) for the 35S::SCM lines or on plates containing gentamicin
(100 μg/ml) for the WER::SCM lines, and at least ten independent lines were
identified for each construct. Confirmed homozygous T3 or T4 plants were used
for detailed analyses.
Results
The role of SCM in epidermal cell communication
As a first step in defining SCM's role in epidermal
patterning, we analyzed the local distribution of epidermal
cell types in scm-2 roots. In a prior study, the overall cell-type
frequencies in the H and N positions of scm mutants showed an
increased frequency of non-hair cells in the H position (WT:
8%; scm-2: 37%) and hair cells in the N position (WT: 1%;
scm-2: 22%) (Kwak et al., 2005). These effects of scm may
be explained in two possible ways: (1) SCM mediates radial
communication between epidermal cells and underlying root
tissue(s), and in scm mutants, epidermal cells fail to properly
interpret their H or N location, or (2) SCM mediates lateral
communication between neighboring epidermal cells, and in
scm mutants, adjacent cells do not communicate properly and
fail to adopt different fates. These two explanations predict
different local cell-type distributions. Specifically, the second
explanation predicts that cells of the same type will be located
adjacent to one another more frequently than expected by
chance.
To test this, we conducted statistical analyses of cell-type
distribution in scm-2 using the GL2::GUS reporter as a
convenient and accurate marker of cell fate (Masucci et al.,
1996). First, we carried out a nearest-neighbor analysis by
determining the lateral distance (i.e. number of cells) between a
given cell type and the nearest cell of the alternative type. We
found that cells of each type (either GL2::GUS-expressing
(non-hair) or GL2::GUS-non-expressing (hair) cells) tend to
have their nearest alternative-cell-type neighbor located closer
to them than expected by chance (Table 1). In a second test, we
analyzed the fate of the immediate flanking neighbors of a given
cell type in the scm-2 mutant. We discovered that a cell of a
given type is significantly more likely to be flanked by cells of
the alternative type, and significantly less likely to be flanked by
cells of the same type, as compared to the frequencies expected
by chance (Table 2). The results from these two tests contrast
sharply with the expectation of the second possible explanation,which predicts that cells of the same type would be more likely
to be adjacent to one another.
Because the scm-2 mutant retains some capacity for radial
signaling (see results below), it is possible that the outcome of
this analysis of lateral epidermal communication might be
biased by the residual positional signaling. To address this
issue, we also conducted a statistical analysis of the cell-type
frequencies adjacent to ectopic cell types (i.e. GL2::GUS-
expressing cells in the H position and GL2::GUS-non-
expressing cells in the N position) in the scm-2 mutant.
Despite the potential effect of residual positional signaling
(which would tend to cause the adjacent cells to be of the same
type as the ectopic cell type), we find that these ectopic cells
are flanked by cells of the alternative types at a significantly
greater frequency than expected by chance (0.58 vs. 0.34 for
ectopic GL2::GUS-non-expressing cells; 0.39 vs. 0.21 for
ectopic GL2::GUS-expressing cells; p<0.005 for each).
Together, these data are inconsistent with the second
explanation for the scm phenotype, and so favor the possibility
that SCM mediates communication between the epidermis and
underlying cortical (or other root) cells. Furthermore, these
results show that the distribution of epidermal cell types in the
scm-2 mutant is non-random, and this implies that epidermal
cells communicate with one another in some manner (e.g. via
lateral inhibition) to cause adjacent cells to preferentially adopt
different cell fates.
CPC mediates lateral inhibition in the scm mutant
The generation of a non-random distribution of cell types in
the absence of SCM function may be due to the action of the
Table 2
Distribution of flanking cell types in the scm-2 root epidermis
Two GL2::GUS-
expressing cells)
One GL2::GUS-expressing
cell and one GL2::GUS-
non-expressing cell
Two GL2::GUS-
non-expressing
cells
GL2::GUS-expressing cells flanked laterally by
Observed a 11 35 22
Expected b 23.2 33.6 12.2
p value c <0.005
GL2::GUS-non-expressing cells flanked laterally by
Observed a 33 16 2
Expected b 16.8 24.4 8.8
p value c <0.005
a Thirty roots of the scm-2 GL2::GUS line were analyzed.
b Number expected if cell types are randomly distributed, based on 58.0%
GL2::GUS-expressing cells and 42.0% GL2::GUS-non-expressing cells in the
regions sampled.
c p value from χ2 test.
Table 3
Cell-type specification in the root epidermis of wild-type, mutants, and
overexpression lines a
Cells in the H position Cells in the N position
Root hair
cells (%)
Non-hair
cells (%)
Root hair
cells (%)
Non-hair
cells (%)
Wild-type (Col) 92.5±3.5 7.5±3.5 0.3±0.3 99.7±0.3
scm-2 64.4±5.8 35.6±5.8 20.2±6.1 79.8±6.1
cpc-1 30.4±4.8 69.6±4.8 0.0±0.0 100.0±0.0
wer-1 93.8±3.8 6.2±3.8 90.6±4.4 9.4±4.4
scm-2 cpc-1 12.6±5.1 87.4±5.1 0.7±0.4 99.3±0.4
scm-2 wer-1 92.1±6.0 7.9±6.0 85.2±7.3 14.8±7.3
35S::SCM 86.8±4.4 13.2±4.4 2.3±1.3 97.7±1.3
WER::SCM 79.4±5.4 20.6±5.4 11.2±4.8 88.8±4.8
a Values indicate mean±standard deviation of at least 10 roots for each line.
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epidermis. To examine this possibility, we analyzed the
importance of the CPC gene/protein (the primary mediator of
lateral inhibition in the wild-type) on cell patterning in the scm-2Fig. 1. Root hair production is altered in scm-2 mutant and overexpression lines. T
(Columbia ecotype), (B) scm-2, (C) cpc-1, (D) wer-1, (E) gl3-1 egl3-1, (F) scm-2 cpc
Scale bar: 200 μm.mutant. First, we created and analyzed the scm-2 cpc-1 homo-
zygous double mutant. This exhibits a significant reduction in
the frequency of the hair cell type, as compared to the scm-2
mutant, which is analogous to the effect of cpc mutations on an
otherwise wild-type root (Fig. 1; Table 3). This result suggests
that CPC is required to inhibit the non-hair cell fate in the scm-2
mutant, as in the wild-type.he root hair production in 4-day-old seedling roots is shown for (A) wild-type
-1, (G) scm-2 wer-1, (H) scm-2 gl3-1 egl3-1, (I) 35S::SCM, and (J)WER::SCM.
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double mutant onGL2::GUS expression. We find thatGL2::GUS
expression in scm-2 cpc-1 is significantly expanded, relative to
the scm-2, so that most of the epidermal cells exhibit GUS activity
(Fig. 2A). This is similar to the effect of cpc mutations on GL2::
GUS in an otherwise wild-type background (Fig. 2A) (Lee and
Schiefelbein, 2002;Wada et al., 2002), and it indicates thatCPC is
required to repress GL2 expression to ensure that certain cells
adopt the hair cell fate in the scm-2 mutant.
Lastly, we examined the distribution of the CPC-GFP fusion
protein in the root epidermis of scm-2, using the CPC::CPC-
GFP transgene (Wada et al., 2002). We find that the CPC-GFP
is located in the nuclei of all epidermal cells of scm-2, which is
the same distribution as in the wild-type (Fig. 2B). This
suggests that CPC exhibits cell–cell movement through theFig. 2. Expression pattern of transcription factor reporter genes in scm-2 mutant ro
scm-2, cpc-1, and scm-2 cpc-1 lines. (B) Accumulation of CPC-GFP in seedling roo
and WER::GFP reporter genes in a single scm-2 seedling root. The root was first ex
iodide (red signal) was included to visualize cell boundaries. (D) Expression of the
Expression of the GL2::GUS transcriptional reporter and accumulation of the GL
seedling root. Scale bars: 25 μm.epidermis because its transcription and RNA accumulation are
limited to a subset of epidermal cells (Fig. 2C) (Kwak et al.,
2005; Lee and Schiefelbein, 2002; Wada et al., 2002). Together,
these findings indicate that CPC acts in lateral inhibition in the
scm-2 root epidermis to help generate the two distinct cell
types.
The transcription factor network establishes cell identities in
the scm mutant
Our finding that CPC mediates lateral inhibition in the
absence of SCM function prompted us to examine the
possible involvement of other members of the transcription
factor network that defines cell identities in the wild-type
root epidermis. We first tested the importance of WER, GL3,ots. (A) Expression of the GL2::GUS transcriptional reporter in the wild-type,
ts harboring the CPC::CPC-GFP transgene. (C) Expression of the CPC::GUS
amined for GFP expression and then was assayed for GUS activity. Propidium
EGL3::GUS and WER::GFP reporter genes in a single scm-2 seedling root. (E)
3-YFP fusion protein (via the GL3::GL3-YFP transgene) in a single scm-2
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egl3-1 mutant lines. We found that the wer-1 and gl3-1
egl3-1 mutations increase the frequency of the hair cell type
in the scm-2 background, as they do in the wild-type
background (Fig. 1; Table 3). These results indicate that
WER, GL3, and EGL3 likely act to specify the non-hair fate
during root epidermis development in the wild-type and the
scm mutant.
As an additional test of the involvement of the transcriptional
network, we assessed whether the expression and/or localiza-
tion of the network genes/proteins were coordinately regulated
in the scm-2 mutant, as they are in the wild-type root. That is, if
the same transcription factor network acts to generate cell fates
in scm, then we would expect GL2, CPC, and WER gene
expression in one set of cells (those that adopt the non-hair cell
fate) and EGL3 expression in the other set of cells (that adopt
the hair cell fate). In support of this, a prior study detected co-
expression of GL2 and WER markers in scm (Kwak et al.,
2005). Here we assessed WER and CPC expression in the same
roots by generating an scm-2 WER::GFP CPC::GUS line. We
find GFP and GUS activity in the same cells, suggesting that
WER and CPC are co-expressed in the scm-2 mutant (Fig.
2C). This is consistent with their known regulatory relationship;
WER is a positive regulator of CPC transcription in the
developing non-hair cells (Lee and Schiefelbein, 2002). In a
different test, we examined a non-hair and a hair marker gene in
the same root by generating an scm-2 WER::GFP EGL3::GUS
line. Here we found that each epidermal cell exhibited GUS or
GFP activity, but not both (Fig. 2D), which shows that these
genes are expressed in distinct cells in scm, as in the wild-type.
In a third experiment, we analyzed the distribution of GL2
expression and GL3 protein accumulation in an scm-2 GL2::
GUS GL3::GL3-YFP line. We find that, as in the wild-type, the
scm cells expressing the GL2::GUS marker also accumulate the
GL3-YFP fusion protein in their nuclei (Fig. 2E), indicating that
the intercellular bHLH regulatory loop (Bernhardt et al., 2005)
is functioning in the scmmutant epidermis as it does in the wild-
type. Together, these results suggest that the transcriptionalFig. 3. Increased WER gene expression in scm-2 mutant lines. (A–D) WER::GFP re
cell boundaries. Scale bar: 50 μm. (E) Quantitative real-time RT-PCR analysis of stead
with wild-type level set to one. The mean and standard deviation of four replicatesregulatory network is active and is responsible for generating
the two cell identities in the scm-2 epidermis.
SCM negatively regulates WER expression
Although the transcriptional regulatory network operates and
generates distinct cell fates in the scm-2 mutant, it is not
organized in an appropriate cell-position-dependent manner.
This implies that SCM regulates epidermal cell fate in the wild-
type by influencing the downstream transcription factor
network differently in the N and H cells. Conceivably, the
SCM-mediated signaling pathway could influence cell fate by
altering any transcription factor(s) in the network, but we
focused on its relationship with WER because (1) WER lies
upstream of all other network transcription factors with which it
has been tested (Ueda et al., 2005) and therefore alterations in its
expression/activity would be expected to alter the entire
network, and (2) artificially generating a uniform distribution
of WER (using 35S::WER wer) alters position-dependent cell-
type patterning, which suggests that WER distribution is a
critical factor in patterning (Lee and Schiefelbein, 1999, 2002).
As a first test of the possible effect of SCM on WER, we
examined WER RNA accumulation in scm-2 mutant roots.
Using real-time RT-PCR on seedling root RNA, we found a
modest increase in WER RNA level in scm-2 (Fig. 3E). To
circumvent the possible damping effect of compensatory
feedback loops known to exist in the network (Lee and
Schiefelbein, 2002), we next examined the effect of scm-2 in
the cpc mutant background, which lacks the CPC-dependent
feedback loop. In scm-2 cpc-1, we find significantly increased
level of WER RNA, as compared to the cpc-1 mutant (Fig. 3E).
Furthermore, we introduced the WER::GFP transcriptional
reporter into these genetic backgrounds and discovered an
increased frequency of WER::GFP-expressing cells in the scm-
2 cpc-1 relative to the cpc-1 single mutant (Fig. 3A–D).
Furthermore, we analyzed the epidermal cell-type pattern in the
scm-2 cpc-1 roots and observed more than two-fold decrease in
hair cell frequency, as compared to cpc-1 (Table 3). Theseporter gene expression. Propidium iodide (red signal) was included to visualize
y-stateWER RNA from root tissue. Expression levels are given in relative units,
are indicated for each sample.
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developing epidermal cells by repressing WER transcription
and thereby promoting the hair cell fate.
We next analyzed the effect of SCM overexpression onWER
RNA accumulation and epidermal patterning. The genomic
SCM coding region (which is known to complement the scm
mutant when controlled by the SCM promoter (Kwak et al.,
2005)) was fused with the constitutive CaMV35S promoter. A
representative 35S::SCM line was examined in detail and found
to accumulate approximately 10-fold greater SCM RNA than
the wild-type, showing that the overexpression construct was
effective (Fig. 4E). The 35S::SCM roots exhibited a slight
reduction inWER steady-state RNA level (Fig. 4F) and a subtle
alteration in the spatial pattern of GL2::GUS expression during
root development (Fig. 4A, B). Furthermore, we observed a
mild alteration in position-dependent patterning of the 35S::
SCM epidermal cell types (Fig. 1I; Table 3). As an alternative
strategy for SCM overexpression, we used the WER promoter,
which is known to drive gene transcription at a high level in the
developing root epidermis (Lee and Schiefelbein, 1999),
whereas the 35S promoter is a relatively weak promoter in the
Arabidopsis root epidermis (Hung et al., 1998). We fused the
WER promoter to the SCM coding region and introduced this
WER::SCM construct into a wild-type line bearing the WER::
GFP transgene (so that WER promoter activity could be
monitored). Detailed analysis of a representative WER::SCM
line showed a large increase in the steady-state level of SCM
RNA, as compared to the wild-type (approximately 100-fold;
Fig 4E), demonstrating the effectiveness of this overexpression
construct. This WER::SCM transgene caused a significant
reduction in WER::GFP expression (Fig. 4C, D) and steady-
state WER RNA level (Fig. 4F). Furthermore, although hair
cells and non-hair cells were produced in WER::SCM roots,
their pattern was significantly altered in relation to the H and N
epidermal positions (Fig. 1J; Table 3). Together, the over-
expression of SCM using the 35S and the WER promoters
indicates that excessive SCM production has a negative impact
on WER gene transcription and epidermal cell patterning.Fig. 4. SCM overexpression inhibits WER gene expression. (A, B) Expression of th
WER::GFP transcriptional reporter in seedling roots. (E, F) Quantitative real-time RT
Expression levels are given in relative units, with wild-type level set to one. The mean
the 35S::SCM line is in the WS ecotype, whereas the WER::SCM line is in the ColuSCM function is required for epidermal patterning during a
specific developmental period
Although SCM plays a critical role in patterning the
epidermal cells in the seedling root, its importance in epidermal
patterning in other developmental contexts has not been
defined. Position-dependent patterning of root epidermal cells
is known to be initiated during embryogenesis (Lin and
Schiefelbein, 2001). To determine whether SCM participates
at this early stage, we examined GL2::GUS reporter expression
in mature embryos of wild-type and scm-2. Unexpectedly, both
of these sets of embryos possessed GUS activity in an
appropriate N cell-file-specific pattern throughout the root–
hypocotyl axis (Fig. 5A). In addition, emerging roots from
germinating seeds (which have an embryonic origin) of wild-
type and scm-2 mutants possess a normal pattern of GL2::GUS
expression (Fig. 5B). Together, these results indicate that SCM
is not necessary for position-dependent embryonic epidermal
gene expression.
A position-dependent pattern of stomatal and non-stomatal
cell types arises in the Arabidopsis hypocotyl epidermis, with
stomatal cells preferentially specified over two underlying
cortical cells (analogous to the H position of the root
epidermis), and this process employs most of the transcrip-
tional regulators used in root epidermal patterning (Berger et
al., 1998a; Hung et al., 1998). To test the possible involvement
of SCM in patterning the hypocotyl epidermis, we analyzed
the scm-2 GL2::GUS line and found an appropriate GL2::
GUS pattern in the embryonic and the post-embryonic
hypocotyl epidermis (Fig. 5C). Furthermore, the distribution
of stomata in the scm-2 hypocotyls is similar to the distribution
in wild-type (percent cells in the H position that adopt the
stomatal fate: wild-type (Columbia): 91±2, scm-2: 87±3)
(Fig. 5C). Thus, SCM is not essential for appropriate patterning
of the hypocotyl epidermal cells.
To define the stage at which SCM is first required for root
epidermal patterning, we conducted a quantitative time-course
experiment by analyzing the epidermal cell-type pattern (usinge GL2::GUS transcriptional reporter in seedling roots. (C, D) Expression of the
-PCR analysis of (E) SCM expression and (F) WER expression from root tissue.
and standard deviation of four replicates are indicated for each sample. Note that
mbia ecotype. Scale bar: 50 μm.
Fig. 5. Role of SCM in embryonic and post-embryonic epidermal patterning. (A) Expression of the GL2::GUS reporter gene in mature embryos from the wild-type,
scm-2 mutant, and scm-2 srf1-1 srf3-1 triple mutant. First three panels show entire embryonic roots and hypocotyls. Scale bar: 20 μm. Fourth and fifth panels shows
magnified view of the epidermis from embryonic hypocotyl, showing GUS-expressing cells in the N position. Scale bar: 10 μm. (B) Expression of the GL2::GUS
reporter gene in 2-day-old seedling roots emerging from germinating seed. Scale bar: 50 μm. (C) Position-dependent expression of the GL2::GUS reporter gene in
hypocotyls from 4-day-old seedlings. Scale bar: 100 μm. The lower panels are magnified images showing stomata formation in files lacking GUS staining. Scale bar:
20 μm. (D) Expression of the GL2::GUS reporter gene in epidermal clones from wild-type and scm seedling roots. Arrows indicate the clone file located in the H
position (over an anticlinal cortical cell wall). The clone in the 3rd panel is an example of a “uniform” clone (all cells in the clone adopt the same fate). Scale bar: 20 μm.
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seedlings (2 days old) through 5-day-old seedlings. We
discovered that scm-2 mutants first begin to significantly
deviate from the wild-type at 3 days of age (Table 4), which
approximately corresponds to the stage when the root tip cells
are derived from the activity of the post-embryonic root
meristem (Scheres et al., 1994). These results show that SCMis specifically required for epidermal patterning during post-
embryonic root development.
The role of SCM-related genes in epidermal cell patterning
The lack of an effect of the scm-2 mutation on position-
dependent epidermal patterning during embryogenesis or
Table 4
Position-dependent pattern of GL2::GUS reporter gene expression in root epidermal cells of wild-type and mutant lines a
Cells in the H position Cells in the N position
Cells lacking GL2::GUS
expression (%)
Cells expressing
GL2::GUS (%)
Cells lacking GL2::GUS
expression (%)
Cells expressing
GL2::GUS (%)
Wild-type (2 days) 94.8±2.1 5.2±2.1 0.1±0.2 99.9±0.2
scm-2 (2 days) 90.3±2.4 9.7±2.4 1.4±1.1 98.6±1.1
Wild-type (3 days) 90.7±5.0 9.3±5.0 0.3±0.2 99.7±0.2
scm-2 (3 days) 70.9±7.9 29.1±7.9 10.2±5.4 89.8±5.4
Wild-type (4 days) 89.3±3.1 10.7±3.1 0.4±0.4 99.6±0.4
scm-2 (4 days) 64.5±5.6 35.5±5.6 18.1±3.2 81.9±3.2
Wild-type (5 days) 88.6±5.2 11.4±5.2 0.6±0.5 99.4±0.5
scm-2 (5 days) 62.8±6.2 37.2±6.2 20.2±5.1 79.8±5.1
Wild-type 93.2±1.1 6.8±1.1 0.6±0.1 99.4±0.1
scm-2 63.2±3.0 36.8±3.0 16.5±2.1 83.5±2.1
srf1-1 94.3±3.0 5.7±3.0 1.4±0.6 98.6±0.6
srf3-1 94.6±0.9 5.4±0.9 0.5±0.6 99.5±0.6
srf1-1 srf3-1 97.2±1.1 2.8±1.1 0.4±0.6 99.6±0.6
scm-2 srf1-1 63.9±3.7 36.1±3.7 17.0±2.8 83.0±2.8
scm-2 srf3-1 62.7±2.8 37.3±2.8 15.9±3.9 84.1±3.9
scm-2 srf1-1 srf3-1 63.4±4.4 36.6±4.4 17.9±2.7 82.1±2.7
Wild-type (early meristem zone) 92.5±4.1 7.5±4.1 0.0±0.0 100.0±0.0
scm-2 (early meristem zone) 66.9±6.3 33.1±6.3 21.5±3.8 88.5±3.8
Wild-type (differentiation zone) 88.0±5.2 12.0±5.2 0.4±0.2 99.6±0.2
scm-2 (differentiation zone) 65.3±6.8 34.7±6.8 17.2±4.8 82.8±4.8
Wild-type (whole root) 90.8±2.9 9.2±2.9 0.2±0.2 99.8±0.2
scm-2 (whole root) 65.5±4.2 34.5±4.2 21.8±6.6 78.2±6.6
Wild-type (epidermal clones) 98.4±1.9 1.6±1.9 1.1±1.0 98.9±1.0
scm-2 (epidermal clones) 50.3±5.3 49.7±5.3 44.0±4.1 56.0±4.1
a Values indicate mean±standard deviation. Unless otherwise indicated, the entire root developmental zone of mutant and near-isogenic wild-type lines was
analyzed after 4 days of growth (approximately 2 days after seed germination).
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related gene that also participates in epidermal patterning. SCM is
a member of the LRR-V subfamily of leucine-rich repeat
receptor-like kinases, which includes 8 other members in Ara-
bidopsis (Shiu and Bleecker, 2001). The twomost closely related
to SCM are SRF1 (At2g20850) and SRF3 (At4g03390), which
possess a similar structural organization and approximately 40%
overall amino acid identity to SCM (Chevalier et al., 2005; Shiu
and Bleecker, 2001). Furthermore, like SCM, these genes are
expressed at a low level in all root tissues (based on expression
data from arexdb.org).Arabidopsis lines bearing insertionmutant
alleles of srf1 (SALK 087666) or srf3 (SALK 051048) were
obtained from the SIGnAL collection (Alonso et al., 2003). We
verified that these lines (designated srf1-1 and srf3-1) possess
T-DNA insertions at the expected locations and identified lines
homozygous for the mutations (Fig. 6A). As expected for
insertion mutations within exons, each of the homozygous
mutant lines exhibited a strongly reduced (background) level of
SRF1 or SRF3 gene-specific RNA, as compared to the wild-
type, indicating a loss-of-function effect of the mutations (Fig.
6B). Analysis of the epidermal cell-type distribution and GL2::
GUS expression pattern in the srf1-1 and srf3-1 mutant roots
showed no significant difference from the wild-type (Table 4;
Fig. 7), which suggests that these genes are not essential for
epidermal patterning.
To test for possible redundancy between SRF1, SRF3, and
SCM, we constructed all homozygous double mutants between
these (srf1-1 srf3-1, srf1-1 scm-2, and srf3-1 scm-2) as well asthe scm-2 srf1 srf3 homozygous triple mutant. When tested for
their epidermal cell-type pattern and GL2::GUS expression, the
srf1-1 srf3-1 line exhibited a normal phenotype and each of the
other multiple mutant lines (which contain scm-2) exhibited an
scm-2-like phenotype (Table 4; Fig. 7). Furthermore, we
examined embryos of the scm-2 srf1-1 srf3-1 line and observed
a normal pattern of GL2::GUS expression (Fig. 5A). Together,
these results indicate that the SRF1 and SRF3 genes do not act
redundantly with, or independently from, the SCM gene in the
process of root epidermal cell patterning.
SCM is involved in the establishment of the epidermal
cell pattern
Because the embryonic epidermal pattern can be generated
in the absence of SCM function, we considered the possibility
that the role of SCM is to maintain (or amplify) this pre-set
pattern during post-embryonic development rather than to
participate in the establishment of the position-dependent
pattern. We explored this possibility in two ways. First, we
examined the impact of the scm-2 mutation at early vs. late
stages of epidermis development by analyzing the pattern of
GL2::GUS expression and the relative cell division rate within
the early meristematic zone vs. the late differentiation zone of
scm-2 root tips. We reasoned that, if SCM acts to maintain a
pre-determined epidermal cell pattern, we would expect to find
an increasing frequency of pattern abnormalities over time in
the scm mutant. However, when we compared scm-2 epidermal
Fig. 6. SRF1 and SRF3 gene structure and RNA accumulation in wild-type and mutant roots. (A) Structure of the SRF1 (top) and SRF3 (bottom) genes, including the
exons (thick bars) and introns (thin bars), the location of the T-DNA insertions, the flanking sequences, and the location of primers used for RT-PCR. (B) Quantitative
real-time RT-PCR analysis of SRF1 expression (gray bars) and SRF3 expression (black bars) in root tissue from wild-type (WS ecotype), srf1-1, and srf3-1 seedlings.
Expression levels are given in relative units, with wild-type level set to one. The mean and standard deviation of two replicates are indicated for each sample.
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zone, we found no significant difference in the pattern of GL2::
GUS expression (Table 4) or in the relative cell division rate (H/
N cell number 1.20±0.03 vs. 1.21±0.04). As a second means of
addressing this issue, we analyzed cell-type patterning in
epidermal clones. These clones arise from rare longitudinal
divisions of a developing epidermal cell, and following addi-
tional transverse divisions, generate two cell files of clonal origin
(Berger et al., 1998b). Longitudinal divisions in H cells generate
clones with a daughter cell file in the N position and one in the H
position, which provides an opportunity to assess the establish-
ment of position-dependent cell specification from equivalent
starting cells (Fig. 5D). More than 100 H-cell-derived clones
from wild-type and scm-2 lines harboring GL2::GUS were
examined. If SCM's role is limited to maintaining epidermal cell
fates that are initiated by other factors, then wild-type and scm-2
should be equally effective at establishing two distinct cell fates
within these epidermal clones. Instead, we found that scm-2 roots
were less effective at initiating distinct cell fates in these clones,
as compared to the wild-type roots. Specifically, although 94% of
the wild-type clones contained both cell types (GL2::GUS-Fig. 7. The SRF1 and SRF3 LRR-RLK genes are not required for patterning the root e
roots of the (A) wild-type, (B) scm-2, (C) srf1-1, (D) srf3-1, (E) srf1-1 srf3-1, (F) scmexpressing and GL2::GUS-non-expressing), only 78% of the
scm-2 clones generated both cell types (Table 5; Fig. 5D),
indicating that SCM is required for two distinct cell fates to be
properly established among the initially equivalent cells in these
post-embryonic clones. Together, the results from these two sets
of experiments support a role for SCM in establishing a position-
dependent epidermal cell pattern.
The epidermal clones in scm-2 also provided an opportunity
to more accurately quantify the importance of SCM in cell
patterning because patterning in these post-embryonic clones is
not affected by embryonic- or stem cell-derived factors that
might influence the whole-root epidermal pattern. We first
determined the overall proportions of GL2-expressing and
GL2-non-expressing cells in the H and in the N positions in all
clones. The results show that position-dependent patterning in
the scm-2mutant clones is significantly less effective than in the
scm-2 whole roots, such that a nearly position-independent
distribution of cell types is generated in the scm-2 clones
(56.0% GL2::GUS-expressing cells in the N position; 50.3%
GL2::GUS-non-expressing cells in the H position; Table 4).
Furthermore, we found that 84% of wild-type clones possessedpidermal cells. The expression of the GL2::GUS transgene is shown in 4-day-old
-2 srf1-1, (G) scm-2 srf3-1, and (H) scm-2 srf1-1 srf3-1 lines. Scale bar: 50 μm.
Table 5
Cell-type patterning within epidermal clones from wild-type and scm-2 a
Uniform
clones b
(%)
GL2::
GUS-expressing
cells c (%)
Clones with GL2::GUS
expressing cells d (%)
Cell
number in
H/N e
Clones with cell number f (%)
H>N H=N H<N H>N H=N H<N
Wild-type GL2::GUS 6±1 41±3 0±0 6±3 94±3 1.49±0.05 92±4 8±4 0±0
scm-2 GL2::GUS 22±2 53±3 30±4 28±4 42±4 1.14±0.03 43±5 41±5 16±5
a Values indicate mean±standard deviation.
b Percent of clones containing exclusively GL2::GUS-expressing cells or exclusively GL2::GUS-non-expressing cells.
c Percent of GL2::GUS-expressing cells among total cells in all clones.
d Percent of clones containing more, equal, or fewer GL2::GUS-expressing cells in the H position than the N position.
e Average ratio of cell number in the H position vs. the N position of clones.
f Percent of clones containing more, equal, or fewer cells in the H position than the N position.
Fig. 8. Model for SCM regulation of epidermal cell patterning. The SCM
receptor-like kinase is proposed to influence the pattern of transcription factor
gene expression and thereby cause root epidermal cells to adopt the root hair fate
in the H position and the non-hair fate in the N position. The upper image
illustrates the situation at an early stage of development, when all epidermal cells
have equivalent developmental potential. The bottom image indicates the
situation after positional cues (shown hypothetically as red dots) act via the
SCM receptor to bias gene expression in the H vs. N cells. Arrows indicate
positive control and blunted lines indicate negative action. See text for a detailed
discussion.
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position, and no cells in the H position, exhibit GL2::GUS
expression), but only 8% of scm-2 clones possessed this pattern.
The results of other tests show that scm-2 clones still retain
some ability to generate a position-dependent cell-type pattern:
(1) when categorized into 3 groups depending on whether a
clone possesses a greater, equal, or reduced number of GL2::
GUS-expressing cells in the H position than the N position, the
largest fraction of scm-2 clones was in the “normal” group
(more GL2::GUS cells in the N position) (Table 5), (2) overall,
the scm-2 clones possess a greater number of H cells than N
cells, although the H/N ratio is significantly lower than in the
wild-type (1.14 vs. 1.49) (Table 5), and (3) when distributed
into 3 groups according to whether they have more, equal, or
fewer H cells than N cells, the greatest fraction of scm-2 clones
is in the category with a larger number of cells in the H position
(Table 5). Taken together, these clone studies show that scm-2
has a greater impact on epidermal cell patterning than is
apparent from the analysis of whole roots, although the clones
still retain a small degree of position-dependent patterning.
Lastly, we determined the overall frequencies of GL2::GUS-
expressing/non-expressing cells in the epidermal clones to
determine whether scm-2 affects their abundance relative to the
wild-type. Overall, the wild-type clones contained 41% GL2::
GUS-expressing cells, whereas scm-2 clones possessed 53%
GL2::GUS-expressing cells (Table 5), implying that SCM
preferentially inhibits the GL2::GUS-expressing cell fate (i.e.
the non-hair cell fate). Furthermore, we found that there were
three times more GL2::GUS-expressing uniform clones as
GL2::GUS-non-expressing uniform clones in scm-2, consistent
with the view that SCM helps establish two distinct cell types by
inhibiting the non-hair cell fate.
Discussion
Receptor-like kinases (RLKs) play important signaling roles
in many aspects of plant growth and development (Becraft,
2002; Torii, 2004). The involvement of the SCM RLK in root
epidermis patterning provides an unusual opportunity to study
the role of a receptor on developmental decisions at the single-
cell level. In particular, our results presented here provide a new
view for the action of SCM (see model in Fig. 8). This model
proposes that SCM influences cell-type patterning by altering,in a position-dependent manner, the abundance of fate-
determining transcription factors in the developing root
epidermis. Prior work had shown the importance of the relative
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which determines whether an epidermal cell activates the non-
hair cell differentiation pathway and adopts the non-hair fate
(high WER) or fails to do so and by default adopts the root hair
fate (high CPC/TRY/ETC) (Lee and Schiefelbein, 2002). Based
on our results here, we propose that SCM is responsible for
generating a difference in the relative abundance of WER in the
H and N cell positions and thereby biasing the outcome of the
lateral inhibition pathway. Specifically, SCM is proposed to
enable epidermal cells in the H position to preferentially
perceive positional cues, which leads to the negative transcrip-
tional regulation ofWER in the H cells and causes these cells to
preferentially succumb to the CPC/TRY/ETC-dependent lateral
inhibition and adopt the hair cell fate (Fig. 8).
This model is supported by several lines of evidence from the
present work. First, our work supports the proposed role of
SCM as a mediator of signaling between the epidermis and the
underlying cortical cells rather than between epidermal cells in
the lateral direction because the scm-2 mutant retains the ability
to generate a non-random lateral distribution of preferentially
alternating cell types. Furthermore, the proposal that SCM acts
through the negative regulation of WER transcription in the H
cells is supported by the increased WER RNA level in scm-2
cpc-1 (vs. cpc-1), increased WER::GFP expressing cells in the
scm-2 cpc-1 (vs. cpc-1), increased frequency of GL2-expressing
cells in the scm-2 mutant, the reduction in hair cell frequency in
the scm-2 cpc-1 (vs. cpc-1), decreased WER RNA level in
35S::SCM and WER::SCM lines, and decreased WER::GFP
expression in the WER::SCM line. Lastly, the placement of the
transcription network downstream of the SCM signaling
pathway is supported by our finding that the scm-2 mutant
epidermis is still able to specify two distinct cell types (hair cells
and non-hair cells) by using components (including CPC, WER,
GL3, and EGL3) of the transcriptional regulatory network. In
the future, it will be important to define other components of the
SCM signaling pathway, including the putative SCM ligand and
the signal transduction components that directly influence the
transcriptional network. It will also be necessary to understand
how the SCM receptor mediates signaling, which may involve a
kinase-independent mechanism, since the SCM protein does not
appear to have kinase activity (Chevalier et al., 2005;
unpublished data).
Our results also provide a new understanding of the role of
SCM in epidermal patterning during different periods of
development. We determined that, although the SCM gene is
broadly expressed and active during embryonic and post-
embryonic development (Chevalier et al., 2005; Kwak et al.,
2005) (unpublished data), it is not required for the embryonic
establishment of position-dependent gene expression patterns.
Furthermore, the SCM gene is not necessary for appropriate
epidermal cell-type patterning in the hypocotyl. Indeed, we
discovered that SCM begins to be required for root epidermal
patterning shortly after seed germination, in cells derived from
activities of the post-embryonic root meristem. Thus, it appears
that SCM is specifically needed for position-dependent
patterning of epidermal cell types during post-embryonic root
development.The lack of any effect of scm mutations on embryonic and
hypocotyl epidermis patterning was unexpected because these
patterns are known to be anatomically analogous to the post-
embryonic root epidermis pattern and are controlled by the same
network of transcriptional regulators as the root pattern,
including WER, CPC, TTG, and GL3/EGL3 (Berger et al.,
1998a; Bernhardt et al., 2003; Hung et al., 1998; Larkin et al.,
2003; Lin and Schiefelbein, 2001). A related observation is that
the scm-2 roots, and epidermal clones, still retain some ability
to generate a position-dependent pattern of GL2 expression and
hair/non-hair cell types (Tables 3, 5). We considered the
possibility that partial functional redundancy between SCM and
closely related SCM-like genes might be responsible for these
results. Evidence for functional redundancy between structur-
ally similar receptor proteins has been found in other Arabi-
dopsis signaling pathways, including BRI1/BRL1 (Zhou et al.,
2004) and BAM1/2/3 (DeYoung et al., 2006; Hord et al., 2006),
although it does not appear to occur in other receptor gene
families (Cao et al., 2005). In this study, we found that
mutations in the two most closely related SCM-like genes (srf1
and srf3) had no significant effect on epidermal patterning,
either alone, together, or in combination with scm-2 (Table 4).
There are several possible explanations for these observations.
(1) Although the scm-2, srf1-1, and srf3-1 contain intragenic
insertions and display very low/no detectable gene-specific
RNA (Fig. 6B) (Kwak et al., 2005), it is formally possible that a
small amount of gene function persists in one/more of these
lines, which is sufficient to carry out some of the signaling
activity. (2) There may be a redundant receptor(s) that is less
similar to SCM than SRF1 and SRF3, yet is still able to act in a
similar manner as SCM. For example, it is possible that one of
the six other members of the LRR-V subfamily plays an SCM-
like role in epidermal patterning. (3) There may be an entirely
different positional signaling mechanism that contributes
toward the patterning of the embryonic, root, and/or hypocotyl
epidermal cell-types. Additional forward and reverse genetics
experiments will be necessary to test these possibilities.
We discovered that overexpression of the SCM gene alters
the normal epidermal cell-type pattern. Plants bearing either the
35S::SCM or the WER::SCM transgene exhibit a mild scm-like
phenotype, with a significant increase in the frequency of hair
cells in the N position and non-hair cells in the H position (Table
3). In this regard, it is notable that SCM overexpression did not
improve the effectiveness of epidermal patterning (i.e. reduce
the frequency of ectopic cell types that are found in wild-type
plants). The reason for the altered epidermal pattern in these
lines is not clear, but there are several possibilities. The most
straightforward explanation is that SCM overexpression leads to
an excessive amount of SCM signaling in both the H cells and
the N cells, which overwhelms the normally subtle difference in
the amount of SCM signaling in the wild-type H vs. N cells and
causes these cells to be more equivalent to one another than
usual. As a second formal possibility, an excessive amount of
SCM may interfere with SCM function (e.g. by causing
ineffective or inappropriate partner interactions) and thereby
generate a phenotype that mimics the scm mutant phenotype.
However, this possibility seems unlikely because the WER::
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scm mutant has increased WER expression. Other possibilities
exist, including the possibility that the 35S and WER promoters
cause SCM to be misregulated (implying that SCM accumu-
lation may be dependent on SCM signaling, a type of receptor
regulation found in some other systems (Gifford et al., 2005;
Gonzalez-Gaitan, 2003; Robatzek et al., 2006)).
Our analysis of epidermal clones in the scm-2 mutant
proved helpful for defining SCM's function in epidermal
patterning. These epidermal clones are the result of rare
longitudinal divisions that, if they occur in an H cell, generate
two daughter cells in two different positions (H and N)
(Berger et al., 1998b) and provide an opportunity to assess
position-dependent cell fate specification in equivalent cells
without the potential complications of lineage-based differ-
ences. We found that, as compared to cells in wild-type
clones, cells in the scm-2 clones are significantly less likely
to adopt distinct fates and to correctly interpret their position.
Thus, although SCM is not required for the initiation of the
embryonic pattern, the analysis of these clones showed that
SCM is involved in generating a difference between
epidermal cells in the H and N positions and establishing
the post-embryonic pattern, and it is not merely used to
maintain or enhance a pre-set pattern.
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